Recurrent chromosomal translocations have been well documented as the hallmark and driving force in various types of cancers 1,2 . In agreement with the notion that chromosomal translocations origi nate from the misjoining of DNA breaks, agents known to cause DNA doublestrand breaks (DSBs), including ionizing radiation, chemotherapeutic drugs and, in the immune system, recombina tionactivating gene (RAG) proteins and activationinduced cytidine deaminase (AID), are associated with chromosomal translocations leading to oncogenesis in humans and mice [3] [4] [5] [6] [7] [8] . Thus, identifying the cellular DSB repair factors and pathways required for translocation formation is important for understanding tumor formation and developing strategies for tumor prevention.
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Translocation breakpoint junctions rarely occur at homologous sequences, an observation that strongly supports a homology independent DSB repair mechanism for their formation 2, 9, 10 . Consistent with these findings, mechanistic studies have demonstrated that chromo somal translocation formation is highly suppressed during homology dependent DSB repair mechanisms 11, 12 and instead arises from some type of nonhomologous end joining (NHEJ) 9 .
A set of factors, including the DNA endbinding protein complex Ku70-Ku80 (Ku) and the DNA ligase complex ligase IV-Xrcc4, defines the canonical NHEJ pathway 13 . Unexpectedly, the elimina tion of Ku or DNA ligase IV-Xrcc4 does not abolish, but rather promotes, chromosomal translocations in a reporter system 14, 15 , in accord with the frequent incidence of oncogenic immunoglobulin H (IgH)Myc translocations in mice lacking these factors 6, 7, 16 . These results implicate an alternative NHEJ (altNHEJ, also called ANHEJ) pathway, rather than canonical NHEJ (also known as CNHEJ), as the primary mediator of translocation formation in mammalian cells. Consistent with their derivation from an altNHEJ pathway, trans location breakpoint junctions from wildtype, Ku70 −/− and Xrcc4 −/− cells are indistinguishable in many aspects 14, 15 . However, direct evi dence linking altNHEJ and translocation formation is still lacking, mainly because of the poor understanding of altNHEJ.
AltNHEJ differs from canonical NHEJ in that its repair products have longer deletions and a greater dependence on short patches of perfectly matched sequences known as microhomologies 17, 18 , both of which are also observed at translocation junctions 9, 15 , further emphasizing the involvement of altNHEJ in translocation forma tion. A mechanistic model of altNHEJ has been proposed, in which 5′to3′ nucleolytic degradation at a DSB exposes microhomology on the 3′ singlestrand DNA tails, and annealing at the microhomo logy results in loss of the internal sequences after repair 19 . Notably, 5′to3′ end processing, known as resection, is also the initial step of homologous recombination. This similarity underscores the pos sibility of common resection factor(s) shared between altNHEJ and homologous recombination. Indeed, the homologous recom bination resection factor CtIP (also called Rbbp8) 20 and its yeast homolog Sae2 (ref. 21 ) have recently been characterized as compo nents of altNHEJ 22, 23 .
To study the role of altNHEJ and CtIP in the formation of chromo somal translocations, we examined the influence of CtIP knockdown on translocation frequency and the resulting breakpoint junctions in both wildtype and Ku70 −/− backgrounds. Our results clearly demon strate that CtIP is a crucial factor in generating chromosomal trans locations, and they support a model whereby CtIPmediated altNHEJ and Kudependent canonical NHEJ play major and minor roles in translocation formation, respectively. a r t i c l e s
RESULTS

CtIP knockdown reduces chromosomal translocations
We used a small hairpin RNA (shRNA)mediated gene knockdown approach to examine the influence of CtIP depletion using our pCr15 translocation reporter, in which two exons of a neomycin phosphotransferase gene (neo) are located on mouse chromosomes 17 and 14, each with an ISceI endonuclease site demarcating an intron (Fig. 1a) 9, 14 . Expression of ISceI endonuclease in pCr15 mouse embryonic stem cells leads to DSBs on both chromosomes, and repair by NHEJ associated with translocation restores a neo + gene on derivative chromosome 17 (der17), such that the trans location frequency can be quantified by counting neo + colonies after G418 selection.
To maximally deplete CtIP, we developed a doubletransfec tion protocol in which small hairpin RNA (shRNA) constructs were introduced into cells twice within a 24h interval (Fig. 1b) . Using two different shRNA sequences, denoted CtIP1 and CtIP 2, efficient CtIP depletion was achieved in a 24 to 72h window after the first transfection (Fig. 1c) . To induce translocations in the pCr15 cells, the ISceI expression vector was included in the second transfection, and then G418 was added 24 h later, when CtIP depletion was still robust (Fig. 1b,c) . Notably, trans location frequencies were 80% lower in cells treated with either CtIP shRNA than in cells treated with a control luciferase (Luc) shRNA (P < 0.001; Fig. 1d and Supplementary Table 1 ). This reduction was not due to decreased ISceI expression, decreased cell survival or an altered cell cycle profile upon CtIP depletion ( Supplementary Fig. 1a,c,d) . To verify the specificity of the knockdowns, we subjected CtIPdepleted pCr15 mouse cells to complementation with a vector expressing human CtIP (Fig. 1e) and found that translocation frequencies were largely restored ( Fig. 1d and Supplementary Table 1 ). These results demonstrate that CtIP is an essential factor for efficient translocation forma tion in mammalian cells.
Shorter microhomologies and deletions with CtIP knockdown
To gain more insight into the joining events leading to chromosomal translocations, we isolated individual neo + clones and sequenced the breakpoint junctions. In agreement with previous reports 14, 15 , we observed a range of microhomologies and deletions, as well as a smaller number of insertions ( Table 1 and Fig. 1f,g ). Microhomologies typically ranged from 0 to 4 bp, with a few longer ones extending up to 7 bp (Fig. 1f) . In pCr15 cells treated with control shRNA, the mean length of microhomology at junctions was 2.59 bp, with 56% of the junctions having microhomologies >2 bp ( Table 1) . Notably, in cells depleted for CtIP the mean length of microhomology was significantly shorter (1.99 bp for shRNA CtIP1, P = 0.024; 1.80 bp for shRNA CtIP2, P = 0.002; twotailed MannWhitney test), with substantially fewer junctions having >2bp microhomology (33% and 26%, respectively; Table 1 ). Complementation with the human Table 1 and Fig. 1f ). Taken together, the concomitant reduction of translocation frequency and microhomology usage upon CtIP depletion provides direct evidence that the formation of chromosomal translocations strongly depends on microhomology prone altNHEJ. CtIP promotes DNA end resection at DSBs to generate single stranded DNA for homologous recombination 20 . A similar role of CtIP in altNHEJ would potentially increase deletion lengths as microhomology becomes exposed for annealing. To determine whether CtIP loss affects degradation of DNA ends during trans location formation, we compared overall deletion lengths at the breakpoint junctions. CtIP knockdown caused a significant shift toward shorter deletions, as seen when the deletions were grouped into size classes (Fig. 1g) Fig. 2a) . (Fig. 1g, Table 1 and Supplementary  Fig. 2a) . These data indicate that CtIP pro motes resection at DNA ends participating in translocation formation.
Ku70 −/− cells have reduced translocations with CtIP knockdown
A question arising from our results is which NHEJ pathway is respon sible for the remaining translocations recovered with CtIP knock down. Although we cannot rule out a contribution from residual altNHEJ activity due to incomplete CtIP depletion, the significant difference in microhomology seen with CtIP knockdown strongly suggests the involvement of the canonical NHEJ pathway, as the rela tive bias of canonical NHEJ toward forming junctions with little or no microhomology is in accord with the reduced microhomology found at translocation junctions in the CtIPdepleted cells.
To investigate the role of the canonical NHEJ pathway, we examined translocation formation in the absence of Ku. As seen previously 14, 15 , Ku70 −/− pCr15 cells have a higher translocation frequency than wildtype cells (Supplementary Table 1) . Given the role for CtIP in a r t i c l e s translocation formation described above, the higher translocation frequency in the absence of Ku can now be interpreted as follows: Ku normally suppresses chromosomal translocations by inhibiting the resection step of altNHEJ (see Discussion). Consistent with this interpretation, CtIP depletion in the Ku70 −/− cells led to an 80% reduction in translocations, similar to the reduction seen in wildtype cells, which was substantially restored by expression of human CtIP (P < 0.001; Fig. 2a-c, Supplementary Fig. 1b,c,e and Supplementary  Table 1) . Further support for this model comes from the finding of increased CtIP binding in Ku70deficient cells at regions undergoing classswitch recombination (CSR) 24 .
CtIP loss does not affect microhomologies in Ku70 −/− cells In both wildtype and Ku70 −/− cells, the mean length of microhomo logy (2.59 bp versus 2.56 bp, respectively; P = 0.798) and the fraction of junctions with >2 bp microhomology (56% versus 49%) were similar ( Table 1) , as previously reported 15 . These results are consistent with translocations arising in wildtype cells primarily by altNHEJ rather than the canonical pathway. Unlike in wild type cells, however, microhomology was only marginally reduced upon CtIP depletion in Ku70 −/− cells (2.33 bp for shRNA CtIP1, P = 0.459; 2.39 bp for shRNA CtIP2, P = 0.475; Fig. 2d and Table 1 ), and the fraction of junctions with >2 bp microhomology was also similar (49% versus 48% and 44%, respectively; Table 1 ). That CtIP depletion differentially affects the remaining breakpoint junctions in wildtype and Kudeficient cells firmly supports a role, albeit a minor one, for the canonical NHEJ pathway in trans location formation.
As seen in wildtype cells, CtIP knockdown in Ku70 −/− cells led to a shift toward shorter deletions, with reduced mean and median lengths, that were restored by complementation with human CtIP (Fig. 2e, Table 1 and Supplementary Fig. 2b) . Thus, in both wildtype and Ku70 −/− cells, a lower translocation frequency with CtIP deple tion is associated with smaller deletions, suggesting that there is a link between translocation efficiency and CtIPmediated end resection. Consistent with this idea, the Mre11 complex, a partner with CtIP in resection, has recently been characterized as a player in mammalian altNHEJ 25, 26 . Our preliminary results also indicate that chemical inhibition of Mre11 nuclease activity reduces translocation frequency (Y.Z. and M.J., unpublished results).
DISCUSSION
Oncogenic translocations represent the initiating lesion for many types of tumors, most recently even some carcinomas. A paradox has existed in that these translocations arise almost exclusively by NHEJ, yet model systems have shown that translocations do not require the canonical NHEJ pathway for their formation, implicating altNHEJ without providing definitive evidence for its involvement. Here we directly demonstrate that altNHEJ is required for efficient transloca tion formation in mammalian cells through CtIP, thereby providing the first direct role for a specific DNA repair component in promoting translocations while addressing a longstanding question about the genetic requirements for translocation formation.
Our experiments point to a primary role for microhomology prone altNHEJ in translocation formation (Fig. 3) . Although the small difference in microhomology usage from altNHEJ is likely inconsequential on a biological level, it provides a clear indication of a distinct mechanism in translocation formation, one that is more prone to genomic rearrangement than the canonical NHEJ pathway. In most oncogenic translocations junctions, as well as the junctions reported here, microhomology lengths are short 9 , requiring only limited resection of DNA ends. For example, in a random sequence, only 64 bp would need to be resected for a 3bp microhomology to be exposed for annealing. In yeast, the CtIP ortholog Sae2, together with the Mre11 complex, is involved in the initial step of end resection, removing about 50-100 nucleotides from the 5′ end of the DSB 27, 28 , and this function of Sae2 has been implicated in promoting altNHEJ by exposing microhomologies at DNA ends for annealing 19, 22 . Our data suggest that CtIP has a similar role in translocation formation in mammalian cells. In this model, longer microhomologies would be infrequently used in joining, even if they would be more energetically favorable, because the length of resection would need to be enormous, larger than many of the introns in which joining occurs in oncogenic translocations. For instance, repeats of 7 or 8 bp, such as those placed close to DNA ends in other studies of altNHEJ 23, 29 , would require 16,000 or 64,000 bp of resection, respectively, in order for microhomo logy to be exposed for annealing in a random sequence. Deletions of this size are not typically found in translocation junctions 9 .
Notably, canonical NHEJ keeps translocations in check by inhibiting the resection step of altNHEJ (Fig. 3) . Physical assays for resection in yeast have directly demonstrated that resection increases in both Ku and DNA ligase IV mutants 30, 31 . Moreover, in mammalian cells, homologous recombination, which also relies on resection, is increased in Ku and ligase IV mutants 32, 33 . At the same time, canonical NHEJ appears to have a minor role in forming translocations in wildtype cells (Fig. 3) . That the canonical pathway contributes at all is supported by the reduced microhomology at junctions upon CtIP depletion when Ku is present compared to when it is absent. Notably, translocation formation is not abolished in CtIPdepleted, Kudeficient cells. There are several nonexclusive possibilities to account for these remaining events, a trivial one being that CtIP depletion is not complete. In addi tion, loss of both CtIP and Ku may result in a high level of unrepaired breaks. Finally, the existence of a CtIPindependent altNHEJ pathway suppressed by Ku cannot be ruled out (Fig. 3) . Our model for multiple NHEJ pathways in translocation formation is buttressed by a system atic survey of genomic rearrangements in cancer cells 10 . Figure 3 Model for pathways involved in chromosomal translocations. Translocations primarily arise from an alt-NHEJ pathway that is largely dependent on CtIP. CtIP promotes the resection of DNA ends to uncover microhomologies that anneal for end joining. In the absence of Ku, resection factors such as CtIP (and possibly other unknown ones, represented by the question mark) have greater access to DNA ends, such that translocations increase. In wild-type cells, a minor portion of translocations may arise through the canonical NHEJ pathway, which can efficiently join ends without microhomology.
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Although NHEJ with microhomology preference 34, 35 and NHEJ in the absence of canonical NHEJ factors 17, 18, 35 were documented more than two decades ago, the significance of altNHEJ was largely unappreciated until recently, mainly because of the uncertainty about its functional components and biological relevance. The establish ment of a crucial role for CtIP in altNHEJ and the definition of a primary role for altNHEJ in chromosomal translocation formation have now substantially illuminated the nature of this pathway. In con cordance with our findings, a role for CtIPdependent altNHEJ in CSR has also been recently uncovered 24 . In contrast to its clear bene fits in the context of CSR, it is unlikely that altNHEJ is inherently advantageous in the context of chromosomal translocation forma tion. Whether such a function is an unintended consequence of its other cellular functions or whether it staves off cell death in the face of multiple DSBs remains to be determined. In any case, targeting of components of the pathway, such as CtIP, has therapeutic potential to reduce translocations, especially when individuals are at high risk of these, as from cancer treatment.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
